Introduction
Veno-venous extracorporeal membrane oxygenation (ECMO) is a technique providing temporary respiratory support in patients with respiratory failure refractory to conventional treatment.
During veno-venous ECMO, blood is drained from a patient's vein and pumped through an artificial, membrane lung, where it is oxygenated and carbon dioxide (CO2) is removed. Thereafter, the blood is delivered back into the patient's venous system.
Historical background
Following the enthusiasm of the first successful ECMO applications, five decades ago the National Institutes of Health (NIH, Bethesda MD, USA) sponsored the first randomized trial comparing ECMO to conventional therapy in acute respiratory distress syndrome (ARDS) patients [30] . The trial was interrupted for futility after the enrollment of the first 90 patients as mortality reached 90% in both arms. It is worth underlining that the chosen settings of mechanical ventilation likely contributed to the study failure. At that time, the main concern of mechanical ventilation was the high fraction of inspired oxygen, while the detrimental effects of positive pressure ventilation had not been fully appreciated. Indeed, the inspiratory oxygen fraction (FiO2) was reduced in the ECMO group, while all the other ventilatory parameters were mostly unchanged. Of note, tidal volumes were as high as 10-15 ml/kg, leading to airway plateau pressures in the range between 40 and 50 cmH2O [22] . The discouraging results of the National Institute of Health (NIH) study led to the abandonment of the ECMO technique worldwide.
Some years later, Kolobow et al. pointed out that "severely diseased lungs have a chance to heal only if the environment remains conducive to their healing. This environment does not consist of high airway pressures, high tidal volumes, high PEEP, high FiO2, or a severe pulmonary hypoperfusion with severe and lethal lung tissue alkalosis" [12] . The goal of ECMO was shifted from "buying time for the lung to heal" to "rest the lung" and to protect it from further damage, a concept later known as ventilator-induced lung injury (VILI). In the same years, Gattinoni and Kolobow proposed to exploit ECMO to decrease respiratory rate, tidal volume, and airway pressure favoring lung healing (low frequency positive pressure ventilation, LFPPV; [7] ). In 1994, however, the negative results of a second randomized clinical trial on the topic where published [21] . As a consequence, only few centers continued to provide veno-venous ECMO as a last resource in selected patients with respiratory failure. However, a renewed interest in ECMO rose after the publication of the CESAR trial, a prospective randomized trial conducted in the United Kingdom [23] . In addition, the 2009 H1N1 influenza pandemic led to the widespread use of ECMO as a successful rescue therapy, first in Australia and New Zealand and then worldwide [3] .
Pathophysiology of extracorporeal gas exchange
During extracorporeal support, blood oxygenation and CO2 removal are controlled by different physiologic mechanisms.
The oxygen transfer to the patient depends on the blood flow through the artificial lung, on inlet venous hemoglobin concentration and oxygen saturation. Hemoglobin concentration and mixed venous oxygen saturation (normally around 70%) limit the ability to provide oxygen to the patient. Therefore, high extracorporeal blood flows (4-7 l/min) are needed to provide a normal oxygen supply (i. e., 250 ml/min).
At variance, the CO2 content of blood is high, (normallyaround 0.5 l/l ofblood). Therefore, total CO2 removal (that is the removal of the minute CO2 production) could be achieved at a blood flow in the range of 0.5 l/min [29] . Kolobow and Gattinoni showed that when CO2 was removed by the artificial lung, awake healthy lambs reduced their spontaneous ventilation. By removing CO2 at incremental rates, it was possible to decrease ventilation down to complete apnea when total CO2 production was removed extracorporeally ( [11] ; apneic oxygenation). 
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Mechanical ventilation-why?
The main target of extracorporeal support is to minimize the risk of VILI while achieving viable blood gases. The CO2 removal by the artificial lung allows proportional decreases of natural lung ventilation, thus, implementing a protective ventilator strategy. However, a progressive decay of respiratory system compliance, likely caused by lung collapse, can be observed during very low tidal volume ventilation with low PEEP levels. Indeed, it was shown that a PEEP greater than 20 cmH2O was necessary to prevent lung collapse in apneic lambs with healthy lungs, while at lower PEEP levels, a respiratory rate of 2 bpm with plateau pressures of 25-30 cmH2O was required [6] .
Additional risks associated with hypoventilation are reabsorption atelectasis, favoring life-threatening hypoxemia during low-flow extracorporeal carbon dioxide removal (ECCO2R) [6] and right ventricular failure as a result of lung collapse and pulmonary hypertension.
Mechanical ventilation-how?
The optimal management of the natural lung during ECMO is still debated, with great variability of reported ventilatory settings and less than 30% of ECMO centers explicitly sharing their mechanical ventilation protocol [16] . From 1986-2006 only minor changes in mechanical ventilation settings have been observed, with reported PEEP values around 10 cmH2O, respiratory rate of 10 bpm, and a mean airway pressure around 16 cmH2O [2] .
Subsequently several studies [17, 27, 28] have documented the changes in ventilatory settings occurring after initiation of extracorporeal respiratory support. In all cases, mechanical ventilatory support was reduced: tidal volume on average by 2 ml/kg (from 6 to 4 ml/kg), plateau pressure on average by 5 cmH2O (from 31 to 26 cmH2O), driving pressure by5 cmH2O (from 19 to 14 cmH2O), respiratory rate, when reported, by 4 bpm (from 22 to 18 bpm), FiO2 on average by 0.3, PEEP by 1 cmH2O (from 14 to 13 cmH2O). Of note, Serpa Neto et al. point out that, in their analysis, driving pressure was the only ECMO ventilatory parameter showing an independent association with inhospital mortality [28] .
Interestingly, Marhong et al. reported mechanical ventilation settings also pre and post ECCO2R initiation and described an increase in PEEP (from 13 to 17) and no change in FiO2 [17] .
It might be interesting to underline that some authors suggest reducing tidal volumes to values even lower than 4 ml/kg predicted body weight (PBW). In this regard, Marhong et al. report that 31% of centers used tidal volumes lower that 4 ml/kg PBW and 45% of the centers used tidal volumes between 4 and 6 ml/kg [16] . Favorable outcome has been reported using tidal volumes as low as 1.9 ml/kg [18] .
The importance of inspiratory pressure limitation to a maximum of 25-30 cmH2O is recognized by all ECMO centers. Extracorporeal Life Support Organization (ELSO) guidelines recommend a limit at 25 cmH2O [4] ; in the CESAR trial peak inspiratory pressures of 20-25 cmH2O were reported as beneficial [23] . Pham et al. suggested that reduced plateau pressure (26 vs 32 cmH2O) during the first day under ECMO in H1N1 ARDS was significantly associated with survival while increasing values of plateau pressure under ECMO were associated with death [24] .
No common guidelines exist about PEEP settings during ECMO. The two extreme approaches are the total lung rest strategy with the application of very low PEEP and tidal volume and possible lung collapse and the open lung strategy with low tidal volume and higher PEEP levels (15-20 cmH2O), possibly coupled with recruitment maneuvers (. Fig. 1) . It is worth noting that lung collapse might lead to the complete lack of the oxygenation function of the native lung, thus, often requiring higher extracorporeal blood flows. Moreover, diffuse alveolar collapse might lead to increased pulmonary vascular resistance and acute failure of the right heart. In this case, conversion from veno-venous to venoarterial ECMO might become necessary to unload the right ventricle [9] .
ELSO guidelines propose the application of a moderate PEEP level (10 cmH2O; [4] ). In the CESAR trial, PEEP was quickly reduced to 10-15 cmH2O [23] ; by contrast, other experts suggest keeping PEEP unchanged or even to increase it [27]. The Karolinska group reported an original approach in a group of 13 patients treated with ECMO because of influenza A/H1N1-related severe respiratory failure. Patients were ventilated with pressure control or pressure-support ventilation with settings reduced to resting levels as soon as possible. Peak inspiratory pressures were adjusted to 20-25 cmH2O, PEEP at 5-10 cmH2O, and FiO2 at 0.4. Rather low levels of arterial oxygenation were tolerated (median nearly 85%), as a consequence of a very modest contribution to arterial oxygenation of the collapsed, rested natural lung. Acute right heart failure was treated in 4 patients switching veno-venous ECMO to veno-arterial ECMO [9] . Arterial oxygenation values were on average even lower than that achieved before connection to ECMO.
Schmidt et al., on the other hand, reported that during the first 3 ECMO days higher PEEP levels were independently associated with improved survival [27]. Marhong et al., analyzing the ELSO registry database, reported that in 77% of ECMO centers, a lung rest strategy was the major goal of mechanical ventilation. The application of periodic recruitment maneuvers can be an alternative to avoid lung collapse [16] .
Prone position has been shown effective in decreasing mortality in severe ARDS patients [8] but no systematic data on its safety and efficacy in ECMO patients are available. Some centers use prone position during ECMO: it may be however associated with complications such as compression or inadvertent removal of the vascular cannulas which may lead to reduction or interruption of the extracorporeal support [5] .
Ventilator FiO2 is reduced during ECMO to limit oxygen toxicity and the risk of resorption atelectasis. In the CESAR trial FiO2 was reduced to 30% [23] . A marked FiO2 reduction implies that, if the native lung still contributes to arterial oxygenation, high extracorporeal blood flows are necessary.
The setting of respiratory rate is another controversial issue. Expert opinions provide a wide range of frequency, from 4 to 30 breaths per minute. Recent literature on mechanical ventilation settings during ECMO reports moderate reduction of respiratory rate after ECMO onset in order to keep pH and CO2 in normal ranges [26] .
We strongly advocate a low (<6 bpm) respiratory rate (and an associated decrease of the time spent at high pressure by the native lung) in order to minimize the risk of VILI, given the fact that hyper- 
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The main target of extracorporeal support is to achieve viable gas exchange, while minimizing the risk of ventilator-induced lung injury, achieved through a decreased mechanical ventilation load on the natural lung. However, during veno-venous extracorporeal membrane oxygenation (ECMO), mechanical ventilation is still necessary in order to prevent lung collapse and/or if extracorporeal blood flow is not sufficient to guarantee adequate gas exchange. In this review, we will summarize the physiology of extracorporeal support and the rationale for continuing mechanical ventilation in this context. Furthermore, we will review the current clinical practice among ECMO centers and their suggestions regarding mechanical ventilator settings. While optimal ventilatory settings are still a matter of debate, the use of a strategy combining low tidal volume and limited inspiratory pressures is accepted worldwide. On the contrary, the choice of applied positive end-expiratory pressure (PEEP) varies between the total rest strategy and open lung strategy. Finally, the use of assisted or spontaneous ventilation will be discussed. 
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Assisted ventilation during ECLS
After sufficient improvement of a patient's condition, mechanical ventilation can be switched from controlled to assisted mode. Protective assisted mechanical ventilation may improve the muscle function and gas exchange, decreasing the risk of diaphragm dysfunction and the need of sedation and help weaning from the ventilator [25]. Karagiannidis et al. reported in 6 patients treated with ECMO and ventilated with neurally adjusted ventilator assist (NAVA) that ventilatory response to decreased sweep gas flow was rapid, and patients immediately regulated PaCO2 tightly towards a physiological pH value [10] . Mauri et al. reported the successful use of NAVA in the recovery phase of patients with severely impaired lung function. Moreover, manipulation of CO2 elimination, at least during the recovery phase of ARDS, acts as a modulator of the drive to breathe [19] .
While most groups delay assisted ventilation until the native lung performance improves substantially, others almost immediately switch the ventilator to pressure support mode. The Karolinska group reported a very low mortality rate (24%) during their experience in 17 severe ARDS patients treated with extracorporeal support coupled with minimal sedation and pressure support ventilation (PSV) with low tidal volumes [15] .
In ARDS patients, this approach may require particular attention in the selection of candidates. In fact, the potential benefits of spontaneous ventilation need to be evaluated together with its potential detrimental effects [14] . Indeed, high inspiratory efforts and very high respiratory drive, often independent from the blood gas and pH value have been described in the acute phase of ARDS [13, 20] . Very high inspiratory efforts may worsen lung injury by generating elevated transpulmonary pressures [1] . While the pathophysiology of spontaneous breathing in ARDS patients has been, so far, only partially understood, it is conceivable that pulmonary receptors activated by stimuli such as edema, inflammation, and microembolism might play a key role. In these cases, extracorporeal CO2 removal through full ECMO support is frequently not sufficient to control the inspiratory efforts and keep transpulmonary pressure in a safe range [10] and an approach including deep sedation and controlled mechanical ventilation is indicated.
Conclusions
The management of ventilation during ECMO is still evolving. Lung protection while warranting viable blood gases is the target of the procedure. The early times, aiming at optimal oxygenation achieved by high tidal volumes and airway pressures, have definitely faded away, but the debate about the optimal compromise between lung recruitment and lung rest is not settled yet. 
